Introduction
n endodontic retreatment is indicated in those cases that experience the failure of an initial treatment and it aims to regain access to the apical foramen by a complete removal of the root canal filling material, and thus, allowing for a new efficient cleaning, a shaping of the root canal system, and a proper course of new root canal filling [1] . However, the additional stress that is caused in the root walls by the removal of an endodontic filling [2] , as well as in the preparation [3] and in the filling [4] of the root canals, is able to generate dentinal defects, which may turn into vertical root fractures (VRFs) [2, 5] . VRFs are a significant complication of root canal therapy and may be explained as being the result of the spread of microscopic cracks from areas of a force concentration [6] which may lead to a tooth or root extraction [7] .
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Moreover, the forces transferred to the root during a masticatory function can also result in microcracks and VRFs [8, 9] . Mechanical cycling (MC) is a fatigue laboratory test that simulates the masticatory function; it also allows for the aging of specimens and may lead to a structural fracture of the root after repeated loads [10] . Barreto et al. [11] observed that MC alone is not able to induce dentinal defects or VRFs; however, when associated with filling techniques that involve apical pressure, VRFs may develop. Nevertheless, they only evaluated the influence of MC during the first endodontic treatment. No reported studies have analyzed the effects of the intermittent loads that are associated with the retreatment procedures on dentinal damage or the VRF formations.
Thus, the aim of this study was to evaluate the incidence of dentinal defects and the VRFs in teeth submitted to an endodontic retreatment and MC. The null hypotheses in this study were: 1) the amount of dentinal defects and the VRFs will be similar irrespective of the filling technique, the use of MC and if the evaluated specimens received endodontic treatment or re-treatment.
Materials and Methods

Teeth selection
This study was submitted and approved by the Ethical Committee of the Federal University of Santa Maria (UFSM) (Ethics Approval Number 166.458). Two hundred extracted mandibular premolars with a single root canal, a straight root, a complete root formation and an intact dental crown, were selected. The teeth were obtained from young patients, who visited the dental clinic school at UFSM, and had an extraction done that was indicated as a result of orthodontic reasons. Mesiodistal and buccolingual radiographs were performed in order to confirm the presence of only one root canal, absence of a previous endodontic treatment, absence of a root canal calcification and absence of internal resorption. All of the roots were observed under 10× magnification of a stereomicroscope (Zeiss Stemi SV6; Carl Zeiss, Gottingen, Niedersachsen, Germany) in order to detect any preexisting cracks or a fracture. Teeth with cracks on the external surface, root caries lesions, cervical lesions, root canal calcification, internal and external resorption, a canal with curvature greater than 20° and any previous endodontic treatments, were excluded. The curvature of the canals was determined by taking into account the angle of curvature according to Schneider [12] . To prevent dehydration, the teeth were kept moist in purified filtered water (Asfer, São Caetano do Sul, São Paulo, Brazil) at 4°C, prior to the experimental procedures.
Cleaning and shaping
The access was achieved by using 1014 diamond burs (KG Sorensen, Cotia, São Paulo, Brazil) and 3082 diamond burs with inactive tips (KG Sorensen, São Paulo, SP, Brazil) under water-cooling at 17 mm from the root apex. The canal patency was established with a size-10 K-file (Dentsply Maillefer, Ballaigues, Switzerland) until its tip was visible at the apical foramen. The working length (WL) was determined by subtracting 1 mm from this measurement. The mean of the WL values was 16 mm.
The periodontal ligament was simulated in all specimens in order to minimize bias caused by handling during the procedures and to mimic the mechanisms of stress distribution according to the protocol as described by Soares et al. [13] .
The root canals were prepared with ProTaper Universal instruments (Dentsply Maillefer, Ballaigues, Switzerland) and by using a torque-control motor (X-Smart) (Dentsply Maillefer, Ballaigues, Switzerland) rotating at 300 rpm and with a torque of 2.5 N/cm. Initially, the cervical and the middle third of the roots were prepared by using S1, SX, and S2 instruments, with movements of brushing until a resistance was reached. Only teeth with an initial apical instrument of sizes #20 and #25 K-files (Dentsply Maillefer, Ballaigues, Switzerland) were selected and those with an apical anatomic diameter greater than a #25 K-file were excluded from the study and replaced by others that met the inclusion criteria. The teeth were randomly assigned (Random Allocation software, Microsoft, Redmond, Washington, USA) to five groups (n=40) as follows: Control group (CT), lateral compaction (LC), single-cone (SC); lateral compaction after retreatment (LCR), and single-cone after retreatment (SCR). Stratified randomization was performed when considering the apical anatomic diameter of the root canal (equal to K-file #20 or #25).
The control group was left unprepared. In the other groups, the root canals were prepared by a pecking motion using ProTaper instruments S1, S2, F1, F2, and F3, in a sequential way in all of the WL. Between each instrument change, the canals were irrigated with 3 mL of a 2.5% solution of sodium hypochlorite (NaOCl) (Biodinâmica, Ibiporã, Paraná, Brazil) using a syringe with a NaviTip irrigation needle (Ultradent, Munich, Bavaria, Germany). After completion of the procedures, the canals were irrigated with 2 mL of 17% ethylenediaminetetraacetic acid (EDTA) (Biodinâmica, Ibiporã, Paraná, Brazil) for 3 min, and then subsequently rinsed with 2 mL of distilled water. Next, the canals were dried using size 30 paper points (Dentsply Maillefer, Ballaigues, Switzerland).
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Root canal filling
The epoxy resin-based sealer (AH-Plus, Dentsply, DeTrey GmbH, Konstanz, Germany) was mixed according to the manufacturer's instructions and placed into the canal to be 1 mm short of the WL, by using a 400-rpm Lentulo spiral (Dentsply Maillefer, Ballaigues, Switzerland) for 5 sec. Two of the groups were filled with a lateral compaction (LC/LCR) as follows: a) The main gutta-percha cones of size 30 and with a taper of 2% (Dentsply Maillefer, Ballaigues, Switzerland) were coated with the sealer and placed into the root canal to the WL; b) Additional FM gutta-percha cones (Dentsply Maillefer, Ballaigues, Switzerland) were placed by using a stainless steel C spreader (D1 diameter 0.3 mm, 0.04 taper) (Dentsply Maillefer, Ballaigues, Switzerland) to the depth at which a resistance was met. The compaction load was controlled by a digital scale and kept at a maximum of 1.3 Kg. The other two groups were filled with a single cone (SC/SCR); the ProTaper F3 gutta-percha cones (Dentsply Maillefer, Ballaigues, Switzerland) were coated with the sealer and placed into the root canal to the WL. The excess gutta-percha was removed with a flame-heated plugger.
In the LC and SC groups, the access cavity was etched with 37% phosphoric acid for 15 sec, rinsed for 30 sec, and then gently air-dried. Single Bond (3M ESPE, St Paul, Minnesota, USA) adhesive system was applied following the manufacturer's instructions. Finally, a Filtek Z350 (3M ESPE) composite resin was adapted into the coronal openings and light-cured from an occlusal aspect for 30 sec. In the LCR and SCR groups, the access cavity was filled with Cavit (3M ESPE, St Paul, Minnesota, USA) and stored until the retreatment procedures were reached.
Retreatment procedures
After three weeks [2] , in the LCR and SCR groups, the filling material was removed by using ProTaper retreatment files (D1, D2, and D3) (Dentsply Maillefer, Ballaigues, Switzerland) that were used sequentially until the WL was reached. The instruments were used with a torque-control motor (X-Smart) at a constant speed of 500 rpm and with a torque of 3 N/cm. Hedström files of sizes #20, #25 and #30 (Dentsply Maillefer, Ballaigues, Switzerland) were used to assist with the removal of the filling material. The roots were rendered clean when no filling debris was observed in the instrument flutes or in the irrigation solutions. New radiographs were performed in order to confirm the absence of any bulk filling.
The root canals were re-prepared with ProTaper rotatory files up to the size F5 (Dentsply Maillefer, Ballaigues, Switzerland) as described previously. Thereafter, the samples were dried by using size 50 paper points (Dentsply Maillefer, Ballaigues, Switzerland). The canals from the LCR group were re-filled by using the lateral compaction technique with a size 50, taper 0.02 gutta-percha cone (Dentsply Maillefer, Ballaigues, Switzerland) plus FM accessory cones (Dentsply Maillefer, Ballaigues, Switzerland). The canals from the SCR group were refilled by the single-cone technique and using a ProTaper F5 gutta-percha cone (Dentsply Maillefer, Ballaigues, Switzerland). AH-Plus was handled and inserted into the root canal as described before. After conclusion, the cavity access was filled with a composite resin using the same protocol as described previously and then the roots were stored for 1 week at 37°C with a 100% humidity to allow the sealer to set [11] .
Mechanical cycling
The specimens from all of the groups were then positioned in a mechanical cycling machine (MC) (ERIOS, São Paulo, SP, Brazil). A load was applied to the occlusal aspect of the specimens in a wet environment (MC settings: 130 N, 2.2 Hz and 37°C) [14] . The samples were subjected to 1000000 cycles, which is equivalent to a 1-year clinical function [12] .
Sectioning and microscopic observations
All of the roots were horizontally sectioned at 3, 6, and 9 mm from the apex by using a low-speed saw and underwater cooling (ISOMET 1000, Lake Bluff, Illinois, USA). The slices were then viewed through a 20× magnification stereomicroscope using a cold light source (Zeiss Stemi SV6; Carl Zeiss, Gottingen, Germany). The pictures were saved in a TIFF format and analyzed by two blinded examiners who had previously been calibrated to the measurement procedure (Kappa inter-and intra-examiner reliability values were 0.88 and 0.79, respectively). The same observers read the stereomicroscopic images twice with a 1-week interval between the readings. Any cases of disagreement were reanalyzed collectively until a consensus was reached. The dentin was inspected and the specimens were classified as follows: (A) no defect: the root dentin was devoid of any lines or cracks, with no defects on the external root surface, or in the internal root canal wall; (B) vertical root fracture: a line extending from the root canal space to the outer surface of the root; and (C) other defects: all other observable lines that did not extend from the root canal to the outer root surface [4, 12] . The teeth were considered to be fractured whenever a fracture line was observed, regardless of the slice. The most critical defect observed in each specimen was considered as a classification factor. Thus, the classification of "vertical root fracture" was the most critical defect, followed by "other defects", and finally "no defect".
De Carlo Bello et al.
Statistical analysis
The results were expressed as the number and the percentages of the defects and the VRFs in each group. Fisher's exact test and the Chi-Squared tests were performed by using SPSS/PC Statistics Software (SPSS version 18.0, SPSS, Chicago, Illinois, USA) in order to compare the presence of dentinal defects among the groups. The significance level was set at 0.05.
Results
The presence of dentinal defects and the VRFs are shown in table 1. The control group did not present any dentinal microcracks or VRFs. The teeth with an endodontic intervention presented more dentinal defects than the unprepared teeth (P=0.021). In the groups that received an endodontic intervention or a reintervention, 10.6% of the specimens presented 'other defects', although no significant differences were observed among them (P>0.05). The teeth that received only a primary endodontic treatment presented 8.75% of 'other defects'. The roots that were re-prepared and refilled presented 12.5% of 'other defects'. There was no difference between the different filling techniques, both in the endodontic treatments and in the retreatments (P>0.05). Only one VRF was observed in the SCR group. Figure 1 illustrates the cross sections of the roots with and without dentinal defects.
Discussion
The results of the current study suggest that an endodontic retreatment associated with mechanical cycling, regardless of the filling techniques, does not induce a greater number of dentinal defects and VRFs when compared to a primary endodontic treatment.
It has been reported that the damage to a root dentin, that was caused by preparation and filling, have a progressively accumulative nature. The preparation and the filling techniques result in more damage than the preparation alone [4] , whereas the preparation, the filling, and the retreatment, result in even more defects [2] . During an endodontic retreatment, the teeth are twice subjected to endodontic procedures. This means that more dentin is removed and more stresses are generated in the root canal walls [15] . Shemesh et al. [2] observed that the removal of the filling material during retreatment caused more dentinal defects than in the preparation and in the obturation alone. In this study, even after the removal of the filling material, the re-preparation, the refilling, and the simulation of a masticatory condition, the groups submitted to the retreatments did not differ statistically from the groups submitted to a primary endodontic treatment. This was with regard to the number of dentinal defects and VRFs.
The low incidence of dentinal defects found in the present study may be attributed to the sample characteristics, since most of the selected teeth were extracted for orthodontic reasons. It indicates that the teeth came mostly from young patients. Shemesh et al. [2] , reported a high rate of dentinal cracks after an endodontic retreatment. In their study, the premolars that were extracted for periodontal reasons and that were used in their research could infer that these teeth came from older patients. It is known that in the procedures that generate tensions, a young root dentin presents better mechanical properties when in comparison with an older dentin [14, 16] . Furthermore, in this study, we only used teeth with an intact dental crown. According to Sornokul and Stannard [17] , the presence of a crown increases the fracture resistance of the tooth structure. Another possible explanation is that the dentin has a proportionality limit of 171 MPa [18, 19] , which provides this kind of a structure with a reversible deformation. It means that to get a permanent defect, this limit should be exceeded. Kim et al. [20] reported that endodontic procedures generated von Mises values of 98.1 MPa, ie the tensions generated by the endodontic procedures do not exceed the limit of proportionality of the dentin (171 MPa) and therefore are not capable of generating irreversible deformations such as cracks and fractures, which is in agreement with the results of this current experiment.
Several studies have reported that the use of rotary instruments may cause a high incidence of root dentinal cracks. The current findings differ from these particular studies, because only low rates of dentinal defects and VRFs were observed. 
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In this study, the teeth with an anatomical diameter of up to 0.25 mm were used. The enlargement of the root canal in the primary treatment and in the retreatment was performed with up to F3 and F5 ProTaper files, which have an initial diameter of 0.30 and 0.50 mm, respectively. Perhaps, the enlargement was not enough to completely touch the canal walls. On the other hand, it is known that due to a high variability and an anatomical complexity of the root canals, no technique and no rotary system is capable of touching all of the walls [21, 22] . This corroborates with De Deus et al. [23] evaluated the frequency of dentinal cracks through a micro-computed tomographic and observed that the dentinal defects identified in the postoperative scans were already present in the corresponding preoperative images. They claimed that a root canal preparation did not cause the formation of new dentinal defects. In this study, the outer surface of all roots was inspected with a stereomicroscope and also with periapical radiographs, to exclude those who presented dentinal microcracks prior to the start of the experiment. Some internal cracks can be present and cannot be visible on the external surface of the root. However, the results presented in control group confirmed the absence of VRF's or dentin defects prior to the experiment.
Although some literature studies have associated the lateral compaction technique with a greater presence of dentinal defects [4] and VRFs [6] , the results of this study have shown that the root canal filling techniques do not interfere in the development of such defects. It is known that the load required to induce a VRF ranges between 7 and 17 kg [24, 25] . These studies have shown that the force needed to fracture a root is much higher than the force applied to the spacer during a lateral compaction (1.3 Kg) [25] . According to the findings of this study, it is also believed that this strength is not able to generate defects in the root canal walls. This also explains the absence of VRFs in the LC and LCR groups. The fact that only 1 VRF was found in the SCR group, where no compression load was applied during the filling procedures, it could be justified by the previous existence of internal microcracks that were not visible during the teeth selection. A microscopic evaluation during the tooth selection procedures seems to be a limitation of this study. More accurate methods, such as a micro-CT, have been described, in order to better the detection of preoperative cracks [21] ; this could guide the sample selection for new studies.
The induction of additional tensions to the dental structure, such as the simulation of masticatory functions, may contribute to change the small dentinal defects into greater defects or VRFs [5, 7] . However, in the control group, no defects and no VRFs were observed, showing that mechanical cycling alone is not able to induce dentinal defects. This is in accordance with a previous study [9] . One million mechanical cycles were used in the current experiment which is equivalent to a 1-year clinical function [5] . The low incidence of defects showed that this amount of mechanical cycling seems to be not enough to potentiate such defects. It is suggested, therefore, that longer periods of mechanical cycling should be evaluated.
Conclusion
When considering the test conditions and the limitations of this in vitro research, it can be concluded that a nonsurgical endodontic retreatment, associated with a masticatory load simulation, led to a low incidence of dentinal defects and VRFs. Furthermore, the filling techniques did not interfere in the incidence of dentinal defects and VRFs in the mandibular premolars.
